IN MAMMALIAN NEPHRONS, about 70% of sodium and 80% of bicarbonate are reabsorbed from the lumen by active transport in proximal tubules (38) , and the major apical plasma membrane Na ϩ transporter in the proximal tubular cells is the Na ϩ /H ϩ exchanger (NHE, of the SLC9 family) (6) . Several isoforms, NHE2, -3, and -8, have been localized in the brushborder membrane of proximal tubules, and about 50% of the overall apical NHE activity is mediated by NHE3 (8) . Up to 40% of proximal tubular bicarbonate reabsorption is Na ϩ independent and sensitive to V-type H ϩ -ATPase (HA) (7, 41) . According to the current model, HA works in coordination with carbonic anhydrases (CAs) to provide the driving force for the operation of NHE (38) .
When compared with terrestrial animals, fish have to cope with more challenging osmotic and ionic gradients from aquatic environments with diverse salinities, ion compositions, and pH values. Similar to mammalian kidneys, gills in freshwater (FW) teleosts are the main organ responsible for Na ϩ absorption and acid-base regulation (15) . So far, two pathways for these mechanisms have been proposed in fish gill ionocytes: 1) an apical HA electrically linked to the Na ϩ absorption via the epithelial Na ϩ channel (ENaC) and 2) an electroneutral exchange of Na ϩ and H ϩ via proteins of the NHE family; these two pathways are still being debated among different species and various external water conditions, such as salinity and pH (9, 15, 28) . Immunocytochemical, pharmacological, and molecular physiological studies have demonstrated the role of HA in Na ϩ absorption/acid-base regulation mechanisms in FW fish gill cells; however, convincing molecular evidence for the existence of an ENaC in fish gill cells is still unavailable (14, 15, 18, 19, 27, 32, 35) .
The uptake of Na ϩ via passive exchange with H ϩ in fish gill cells has been questioned on thermodynamic grounds (2, 15, 24) . According to the model of mammalian proximal tubular cells, NHE2 and -3 are expected to be the target transporters involved in apical Na ϩ uptake functions in FW fish gill cells (13, 31) . With the use of heterologous antibodies, NHE2 and -3 immunoreactivities were located in gill mitochondrion-rich (MR) cells of several species (13, 42) , and homologous antibodies and molecular probes were recently used to provide convincing evidence for the expression of NHE3 in the apical membrane of gill MR cells in a unique FW teleost, the Osorezan dace (Tribolodon hakonensis) (17) . Obviously, it is critically important to determine the specific isoforms existing in fish gill ionocytes before we study the roles of NHE in fish gill Na ϩ absorption/acid-base regulation mechanisms. Zebrafish (Danio rerio), with an extensive genomic database, provides an excellent model to determine the target NHE isoforms. Indeed, recent inhibitor experiments demonstrated the inhibitory effects of 100 M amiloride and/or 10 M 5-(N-ethyl-N-isopropyl)-amiloride (EIPA) on zebrafish Na ϩ uptake (4, 12) , implying the possible involvements of both ENaC and NHE in zebrafish gill/skin Na ϩ uptake mechanisms (20) .
In the acid-tolerant fish, the Osorezan dace, Hirata et al. (17) suggested that NHE3, not HA, plays the major role in acid secretion in gill MR cells during acclimation to acidic FW. On the other hand, amiloride and EIPA, which inhibit Na ϩ uptake, had no effect on net acid secretion in FW rainbow trout, brown trout, or European flounder (25, 29, 30, 34, 44) . Boisen et al. (4) reported that responses of Na ϩ uptake to several inhibitors, including bafilomycin, ethoxzolamide, and amiloride, were variable in zebrafish acclimated to soft water and hard water. Craig et al. (12) also reported that acclimation to soft water and hard water caused differential regulations of the mRNA expressions of HA and NHE2 in zebrafish gills. Taking all of these findings into consideration, both NHE and HA/ENaC are probably involved in Na ϩ uptake/acid-base regulation in fish gills, but the partitions of these two pathways may be modulated depending on the environment, as Hwang and Lee (20) proposed. The present study attempted to test this hypothesis. Zebrafish were used as the model organism to examine the effects of environmental conditions (low Na ϩ or acidic) on the expressions of nhe and atp6v0c gill cells. In the present study, 1) cDNAs of the nhe gene family in zebrafish (znhe) were cloned and sequenced; 2) expression patterns of znhes in various tissues of zebrafish were examined; 3) cellular localization of NHEs (and znhe mRNAs), HA, and Na ϩ -K ϩ -ATPase (NKA; a marker for MR cells) in zebrafish gills was conducted; and 4) mRNA expressions of znhe and atp6v0c in gills were compared between zebrafish acclimated to 10 and 0.04 meq/l Na ϩ or pH 6.8 and 4 FW.
MATERIALS AND METHODS
Experimental animals. The AB strain of zebrafish, obtained from stocks of the Institute of Cellular and Organismic Biology, Academia Sinica, was kept in a circulating system at 28.5°C under a 14:10-h light-dark photoperiod. Fish were fed artificially bred brine shrimp but were starved during the acclimation experiments (see below). The experimental protocols were approved by the Academia Sinica Institutional Animal Care and Utilization Committee (approval no. RFiZOOHP2006040).
Acclimation experiments. High-Na ϩ (10 meq/l) and low-Na ϩ (0.04 meq/l) artificial FW were prepared with double-deionized water (Milli-RO60; Millipore) added with adequate CaSO 4 ⅐ 2H2O, MgSO4 ⅐ 7H2O, NaCl, K2HPO4, and KH2PO4. Except for Na ϩ , other ion concentrations and the pH of the media were the same (Table 1) . Local tap water (control, pH 6.7-6.9) and acidic FW (pH 4.00 -4.05) were also prepared to determine the effects of an acidic medium. The acidic medium was made by adding H 2SO4 to local tap water, and the concentrations of other ions in the acidic FW were maintained the same as that in the control (local tap water) ( Table 1) . Adult zebrafish were acclimated for 7 days to high-Na ϩ , low-Na ϩ , and acid FW and local tap water, and all showed normal swimming behavior with no mortality during the acclimation period. During the experiments, high-Na ϩ and low-N aϩ FW were replaced every 2 days to maintain the proper ion concentrations, and prepared acidic FW stock was continuously pumped into the experimental tank bottom with an electrical pump to maintain a stable pH. All experimental media were checked for pH with a pH meter (MP225; Mettler-Toledo, Schwerzenbach, Switzerland) and for ion concentrations with an atomic absorption spectrometer (U-2000; Hitachi, Tokyo, Japan).
Cloning of zNHE. mRNA was purified from the total RNA of zebrafish tissues with a commercial kit (Oligitex; Qiagen, Hilden, Germany). The cDNA for cloning and RACE (rapid amplification of cDNA ends) was produced using a SuperScript III reverse transcriptase kit (Invitrogen, Carlsbad, CA) and a SMART RACE cDNA amplification kit (Clontec, Mountain View, CA) following the manufacturer's protocols, respectively. For polymerase chain reaction (PCR) amplification, 2 l of cDNA were used as the template in a 50-l final reaction volume containing 0.25 mM dNTP, 2.5 units of EX-Taq polymerase (Takara, Shiga, Japan), and 0.2 M of each primer. The primer sets were obtained from a bioinformatics method as listed in Table 2 . PCR products obtained were subcloned into a pGEM-T Easy vector (Promega, Madison, WI), and the amplicons were sequenced to confirm the PCR products. The specific primers of 5Ј and 3Ј RACE (Table 3) were designed from the partial sequences obtained from the PCR of the primer sets shown in Table 2 . The RACE PCR program followed the manufacturer's protocol, and RACE PCR products were also subcloned into the pGEM-T Easy vector and sequenced.
RT-PCR analysis. For cDNA synthesis, 5 g of total mRNA were reverse-transcribed in a final volume of 20 l containing 0.5 mM dNTPs, 2.5 M oligo(dT) 18 
Phylogenetic tree analysis. Full-length cDNAs were obtained after the RACE PCR and sequenced. The entire amino acid sequences deduced with the CLUSTAL program were used for the multiple sequence alignment and phylogenetic tree analysis (16) . The data sets were treated by the neighbor-joining (NJ) analysis method, and 1,000 bootstrap replicates of analysis were carried out with the MEGA program (version 3.1).
Quantitative RT-PCR. Quantitative RT-PCR (qRT-PCR) was performed with an ABI7000 sequence detection system (ABI, Warrington, UK) in a final volume of 10 l, containing 5 l of 2ϫ SYBR green master mix (ABI), 50 nM of the primers pairs, and 3.2 ng of cDNA. The standard curve of each gene was checked in a linear range with ␤-actin as an internal control. The primer sets for the qRT-PCR are shown in Table 4 .
In situ hybridization. Different nhe probe fragments were obtained by PCR and inserted into a pGEM-T easy vector (Promega). After PCR with the T7 and SP6 primers, the products were subjected to in vitro transcription with T7 and SP6 RNA polymerase (Roche, Penzberg, Germany), respectively. Digoxigenin (DIG)-labeled RNA probes were examined with RNA gels to confirm the quality and concentration. Gills collected from zebrafish were fixed in a 4% paraformaldehyde (PFA) phosphate-buffered saline (PBS; 1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na 2HPO4, and 0.002 mM KH2PO4) solution at 4°C overnight and then treated with methanol at 4°C overnight again. Afterward, the samples were treated with a methanol series with concentrations from 100 to 25% in diethylpyrocarbonate-PBST (PBS with 0.1% Tween 20) for 10 min each. Samples were then hybridized with the prepared probe in hybridization buffer (60% formamide, 5ϫ SSC, 0.1% Tween 20, 500 g/ml yeast tRNA, and 50 g/ml heparin) overnight at 65°C. The next day, samples were washed serially with 75% hybridization buffer in 25% 2ϫ SSC at 65°C up to 100% 2ϫ SSC, and finally with 0.2ϫ SSC for 5-10 min six times. Samples were blocked with 5% sheep serum in 2 mg/ml bovine serum albumin (Sigma, St. Louis, MO) at room temperature for 2-4 h and then incubated with an anti-DIG antibody (1:10,000, in blocking solution) at 4°C overnight. After being washed with DEPC-PBST at room temperature for 15 min eight times, staining buffer (0.1 M Tris, pH 9.5, 50 mM MgCl2, 0.1 M NaCl, and 0.1% Tween 20) was subsequently used for 5 min three times. Staining was conducted with the mixture of nitro blue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate in 10 ml of staining buffer at room temperature from 10 min to several hours (depending on the gene) in the dark. The reaction was stopped by PFA and subsequently washed with methanol for several times. Finally, the samples were stored in PBS at 4°C in a dark box until further examination and analysis. Images were obtained with a stereomicroscope (SZX-ILLD100; Olympus, Tokyo, Japan) or an upright microscope (Axioplan 2 imaging; Carl Zeiss, Oberkochen, Germany). Image analysis was conducted with a program of Olympus DP70-BSW or Sport RT-Color (Diagnostics Instruments, Sterling Heights, MI), respectively.
Cryosectioning. Fresh zebrafish gills or in situ hybridized gills were fixed with 4% PFA at 4°C for 3 h and then immersed serially in PBS containing 5, 10, and 20% sucrose for 15 min at room temperature. For double staining with concanavalin A (ConA), the gills were incubated with 0.05 mg/ml ConA-conjugated Texas red (Invitrogen) for 30 min before fixation. Finally, gills were soaked in a mixed PBS solution (OCT compound: 20% sucrose at 1:2) overnight and then embedded with OCT compound embedding medium (Sakura, Tokyo, Japan) at Ϫ20°C. Cryosections at 10 m were made with a cryostat (CM 1900; Leica, Heidelberg, Germany), and these were placed onto poly-L-lysine-coated slides (EMS, Hatfield, PA). 
5Ј, 5Ј RACE primer; 3Ј, 3Ј RACR primer; 5ЈN, 5Ј RACE Nest PCR primer; 3ЈN, 3Ј RACE Nest PCR primer.
Immunocytochemistry. Prepared slides were rinsed in PBS and blocked with 3% BSA for 30 min. Afterward, the slides were first incubated with an ␣5 monoclonal antibody against the ␣-subunit of the avian NKA (Hybridoma Bank, University of Iowa, Ames, IA; 1:600 dilution) overnight at 4°C. The slides were washed twice with PBS and incubated with an Alexa Fluor 568 goat anti-mouse IgG antibody (Molecular Probes, Carlsbad, CA; 1:200 diluted with PBS) for 2 h at room temperature. After being washed with PBS twice, the slides were incubated again with a polyclonal antibody against the A-subunit of killifish HA (1:300 diluted with PBS) (22) 
Statistical analysis. Values are means Ϯ SD and were compared using Student's t-test.
RESULTS
Cloning, sequencing, and bioinformatics analysis of the zebrafish nhe gene family. Eight members of the znhe family were predicted from the ENSEMBL and NCBI databases. Subsequently, full-length cDNAs of the eight znhe members were cloned and sequenced from zebrafish ( Fig. 1 and Supplemental Fig. 1 ). Each full-length sequence contained 5Ј and 3Ј untranslated regions (UTRs) and a 3Ј UTR with a poly(A) tail. The complete cDNA sequences of the znhes are 2,200 -4,500 bp, which contain 2,000-to 2,500-bp coding regions. After blasting the NCBI and ENSEMBL genome databases with the BLASTN tool of Genome Blast, we found znhe3a and znhe3b to be on chromosome 19. Other isoforms, znhe1, -2, -5, -6, -7, and -8, were on chromosomes 2, 9, 7, 10, 6, and 23, respectively. The coding regions of the znhe gene family were translated as 650 -970 amino acids and contain 10 -13 transmembrane domains.
A phylogenetic tree was generated based on the NJ analysis of the full-length amino acid sequences of the NHE isoforms from human, mouse, rat, trout, and dace. The zNHE isoforms were homologous to their mammalian counterparts. According to the phylogenetic tree (Fig. 2) , both zebrafish and human NHE were separated into two subfamilies, NHE1-5 and NHE6 -9, respectively. However, there was another new mammalian NHE isoform (named sperm-specific NHE, or NHE10; Ref. 40 ) that formed an additional branch.
Commercial software (GeneDoc, Pittsburgh, PA) was used to analyze the alignment of the amino acid sequences. The zNHE3a had 64% identity with zNHE3b, and 66% identity was found between zNHE6 and zNHE7. If we aligned the predicted transmembrane domains only, the identities were higher. For example, zNHE3a and zNHE6 showed 78 and 73% identities to zNHE3b and zNHE7, respectively. The zNHEs share relatively high similarities with their mammalian counterparts in the membrane-spanning domains, but they greatly diverge in the intracellular COOH-terminal regions.
Expression patterns of zebrafish nhe family in different tissues. The expressions of nhe mRNAs in different tissues of zebrafish were examined by RT-PCR with ␤-actin mRNA as an internal control. Figure 3 clearly indicates that znhe1 was primarily expressed in erythrocytes, and znhe2 and znhe3b are the primary isoforms expressed in gills. Furthermore, both znhe3b and znhe3a were also abundantly expressed in kidneys. Small amounts of znhe5 and znhe6 were expressed in the brain and gills. Testis showed abundant expression levels of znhe2 and znhe7. On the other hand, znhe8 was the most ubiquitous isoform that was expressed in all tissues.
Effects of environmental pH and Na ϩ concentration on mRNA expressions of the znhe family in gills. As shown in Fig.  3 , all znhe members except znhe3a were found (by RT-PCR analysis) to be expressed in zebrafish gills, which is the major organ for Na ϩ uptake and acid-base regulation. To identify the isoforms that are specifically responsible for these mechanisms, we predicted the expressions of the target isoforms in zebrafish gills to be regulated during environmental acidic or low-Na ϩ challenges, and therefore the hypothesis was tested in subsequent experiments. As indicated in Fig. 4 , only the expression (according to the RT-PCR analysis) of znhe3b appeared to be affected after acclimation to acid, indicating znhe3b is the target isoform relevant to the mechanisms of Na ϩ uptake/acid-base regulation in zebrafish gills. Based on this finding, the following experiments mainly focused on znhe3b.
Localization of zNHE3b in zebrafish gill cells. Subsequent immunocytochemical and in situ hybridization experiments demonstrated that mRNA expression of znhe3b was in a specific group of ionocytes in zebrafish. Double immunocytochemical labeling for NHE3b and NKA supported the above RT-PCR results (Fig. 4) . In Fig. 5A , NHE3b was immunocytochemically localized in a group of cells in the gills. As shown in Fig. 5B , NKA was expressed in the basolateral membrane of Na ϩ -pump rich (NaR) cells (i.e., MR cells) and was not colocalized with NHE3b (Fig. 5C ). Subsequent triple labeling for ConA (an apical marker for HR cells; Ref. 26 ), DAPI (a marker for nuclei), and NHE3b demonstrated that the signals of ConA and NHE3b were colocalized at the apical opening of the specific group of cells (Fig. 5, E-H) , which would later be identified as HR cells in the following in situ hybridization experiments (see below).
Triple labeling for znhe3b mRNA, NKA, and HA was further conducted to identify the cell types expressing znhe3b (Fig. 6 ). Whole mount in situ hybridization was used to detect znhe3b mRNA in the cells of zebrafish (Fig. 6A) . In zebrafish gills, znhe3b mRNA signals were abundantly observed in the primary filament and base of secondary lamellae; fewer signals were found in the distal portion of secondary lamellae (Fig.  6A) . Cryosections of the whole mount in situ hybridized gills were further double labeled with the anti-HA A-subunit (a marker for HR cells) and anti-NKA antibodies (Fig. 6, B-F) . In Fig. 6 , B-D, HA and NKA were not colocalized, indicating two distinctive ionocytes, HR cells and NaR cells, in zebrafish gills. Triple-labeling images clearly indicated that znhe3b mRNA was expressed in HR cells but never in NaR cells (Fig. 6, E and  F) , demonstrating that only HR cells express znhe3b. On the other hand, mRNA signals of the other isoforms, znhe1, -2, -3a, -5, -6, -7and -8, were not detectable in zebrafish gill cells (data not shown). All the immunocytochemistry and in situ hybridization experiments were conducted in more than five individuals, and the results were the same.
Effects of environmental pH and Na
ϩ concentration on mRNA expressions of transporters and enzymes in gill HR cells. On the basis of the above results, qRT-PCR was further conducted to examine changes in gill transcripts of znhe3b and zatp6v0c (zebrafish H ϩ -ATPase V0c subunit) during acclimation to acid or low-Na ϩ FW. As shown in Fig. 7 , znhe3b mRNA expression was downregulated (94% of the control) after acid treatment, while at the same time, that of zatp6v0c was upregulated by 138% compared with the control. On the other hand, in the case of acclimation to L-Na FW, the transcription of znhe3b increased 157%, but that of zatp6v0c decreased 58%, compared with the high-Na ϩ FW (Fig. 7) . Apparently, expressions of the two genes in zebrafish gill cells are differentially regulated depending on environmental situations.
DISCUSSION
Full-length cDNAs of the eight znhe isoforms (znhe1, -2,  -3a, -3b, -5, -6, -7 , and -8) were first cloned and sequenced from zebrafish in the present study. The cDNAs of znhe encode 650 -970 amino acids, which contain 10 -13 putative hydro- phobic transmembrane domains and share 20 -66% amino acid sequence identities with paralogous genes. Alignment results indicated that the membrane-spanning domains of zNHEs share relatively high similarities with their mammalian counterparts, but the intracellular COOH-terminal regions of zNHE6 -9 were quite divergent and much shorter than those of zNHE1-5. The identities of zNHE1-5 with other similar homologous forms from mammals were lower than 55%, but those of the others were higher than 65% (zNHE6) and even 75% (zNHE7 and zNHE8). According to the NJ phylogenetic tree, the zNHEs were clustered into two distinct groups, zNHE1-5 and zNHE6 -8, which correspond to the homologs of other vertebrates, respectively. Interestingly, two isoforms, zNHE3a and zNHE3b, were clustered with the group of NHE3. So far, zebrafish is the only species to possess duplicated nhe3 genes (Fig. 2) . The phenomena of gene duplication in teleost fish have been extensively studied (1, 21) . Similar gene duplication has been reported in other ion transporters. In the case of NKA, mammals have only one ␣1-subunit, whereas zebrafish have as many as five different isoforms, ␣1a.1, ␣1a.2, ␣1a.3, ␣1a.4, and ␣1b (5).
The expression patterns of the mammalian NHE gene family have been extensively studied. NHE1 is ubiquitously expressed in the basolateral plasma membrane; NHE2 and NHE3 predominantly in the stomach, intestinal tract, and kidneys; NHE5 in the brain; and NHE6 -9 ubiquitously in intracellular organelles; whereas NHE10 is specifically expressed in sperm (3, 31) . zNHE1 and rainbow trout ␤-NHE are similar homologs according to the phylogenetic tree analysis, and they were Fig. 2 . Phylogenetic tree constructed with the complete amino acid sequences of Na ϩ /H ϩ exchangers (NHEs). The analysis was conducted using the neighbor-joining method with 1,000 bootstrap replicates. Numbers indicate the bootstrap values. The GenBank accession numbers of the sequences used are as follows: zebrafish (z)NHE1, EF591982; trout ␤-NHE1, M94581; human (h)NHE1, NP_003038; ratNHE1, NP_036784; zNHE2, EF591983; hNHE4, NP_001011552; mouseNHE4, NP_796058; hNHE2, NP_003039; mouseNHE2, NP_001028461; zNHH3a, EF591984; daceNHE3, BAB83083; hNHE3, NP_004165; mouseNHE3, XP_ 127434; zNHE5, EF591985; hNHE5, NP_004585; ratNHE5, NP_620213; zNHE8, EF591988; hNHE8, NP_056081; mouseNHE8, NP_683731; zNHE6, EF591986; hNHE6, NP_006350; mouseNHE6, NP_ 766368; zNHE7, EF591987; hNHE7, NP_115980; mouseNHE7, NP_796327; hNHE9, NP_775924; mouseNHE9, NP_808577; hNHE10, NP_898884; and mouseNHE10, NP_932774. Scale bar represents 20% replacement of amino acids per site. Fig. 3 . RT-PCR analysis of the expressions of the znhe family in various tissues of zebrafish. ␤-Actin was used as the internal control. The amplicon sizes of different genes are shown in Table 4 . Fig. 4 . RT-PCR analysis of the expressions of the znhe family in gills of zebrafish acclimated to control fresh water (C) and acidic water (A) for 7 days. ␤-Actin was used as the internal control. The amplicon sizes of different genes are shown in Table 4 . expressed in erythrocytes, which differs from mammalian NHE1. This result seems to be associated with the erythrocytespecific expression of zebrafish CA2b (Lin TY, Liao BK, Horng JL, Yan JJ, Hsiao CD, Huang PP; unpublished data) and AE1 (33) , implying their roles in acid-base regulation of erythrocytes. Similar to mammalian NHE3 (31), zNHE3a and zNHE3b were primarily expressed in kidneys, but only zNHE3b was expressed in gills. The zNHE2 and zNHE3b are the main isoforms expressed in gills and kidneys, and zNHE2 was also weakly expressed in the intestine and kidneys. Different from these, mammalian NHE2 and NHE3 are abundantly expressed in the intestine and kidneys (31) . Taken together, zNHE3 is similar to its mammalian counterpart and may play a crucial role in Na ϩ reabsorption and acid-base regulation in the kidneys; however, differences in functions between zNHE3a and zNHE3b are still unclear. zNHE5 exhibited much greater expression in gills than in the brain, indicating that it may play a more important role in the gills than in the central nervous system in zebrafish. According to the phylogenetic tree analysis, zNHE6 -8 were clustered into the same group as were the mammalian NHE6 -8, which are intracellular organelle types, but only zNHE8 had the same ubiquitous expression pattern as does the mammalian NHE8 (31) . Indeed, further studies are needed to understand the specific roles of NHE6 and NHE7 in various tissues of zebrafish.
Previous studies used heterologous antibodies, i.e., antimammalian NHE2 and NHE3 antibodies, to colocalize NHE2 and NHE3 with NKA (a marker for MR cells) in gills of several species (12, 42) . The results of NHE2 and NHE3 expressions in gill MR cells should be reconsidered before the antibody specificity is carefully confirmed and/or in situ hybridization with isoform-specific probes are conducted. In the present study, seven isoforms of zNHE were expressed in zebrafish gill tissues, which contain MR cells, ionocytes, epithelial cells, blood cells, nerve cells, and muscle cells. However, isoform-specific in situ hybridization and immunocytochemistry provided convincing molecular evidence that only zNHE3b is expressed in a specific type of ionocytes, HR cells, in zebrafish gills. The antibody used was raised against the dace NHE3 (17), whose epitope shares 68% identity and 75% similarity to the COOH-terminal 19 amino acids of zNHE3b but only 25% identity to that of zNHE3a. Furthermore, zebrafish embryo in situ hybridization revealed that znhe3a and znhe3b were expressed in the middle and posterior pronephric duct, respectively, and accordingly, the dace NHE3 antibody showed immunoreactivity only in the posterior pronephric duct (data not shown). The consistency of zNHE3b in situ hybridization and immunocytochemistry in the posterior pronephric duct of zebrafish embryo further demonstrated the specificity of the dace NHE3 antibody to zHNE3b.
The isoform-specific in situ hybridization and immunocytochemical data provide convincing molecular evidence of the ion transporters and enzymes involved in Na ϩ uptake and acid-base regulation in zebrafish gill ionocytes. In the present study, zNHE3b was expressed in the apical membrane of HR cells, which differ from NaR cells. mRNAs of two ca isoforms, ca4-like (accession no. EF591981) and ca2 (accession no. NM_199215), were colocalized in the same HR cells in zebrafish (14, 20, 26) . In Japanese dace and trout, a homolog of the mammalian Na ϩ /HCO 3 Ϫ cotransporter (pNBC1/NBCe1-B) was cloned and localized immunocytochemically in the basolateral membrane of gill MR cells (17, 32) . Preliminary experiments also indicated a homolog of the mammalian NBC1 (accession no. EF634453; Lee YC, Yau JJ, Huang PP; unpublished data) was expressed in zebrafish gill cells. Taking all these together, HR cells in zebrafish appear to be similar to ionocytes of the mammalian renal proximal tubules (38) in the expression patterns of relevant transporters and enzymes, implying similar functions in Na ϩ uptake and acid-base regulation. Na ϩ uptake via the apical NHE in fish gill cells has been questioned for a long time (15, 20, 35) . In mammals, genetic knockout of NHE2 had no effect on renal function, whereas complete or kidney-specific knockout of NHE3 resulted in a reduction of proximal tubular Na ϩ and water loss, demonstrating the specific roles of NHE in Na ϩ uptake and bicarbonate reabsorption (36, 43) . In zebrafish, a similar role of NHE in Na ϩ uptake was also proposed on the basis of some physiological and pharmacological experiments. Boisen et al. (4) Fig. 7 . Changes in the transcripts (quantitative RT-PCR) of znhe3b and zatp6v0c in gills of zebrafish acclimated to local tap water (control) and acidic (acid), high-Na ϩ (H-Na), and low-Na ϩ (L-Na) fresh water. znhe3b was respectively downregulated and upregulated in acid (compared with control) and L-Na (compared with H-Na), whereas zatp6v0c showed a reverse response. Data are means Ϯ SD (n ϭ 4). *P Ͻ 0.05, significant difference (Student's t-test) between control and acidic fresh water and between H-Na and L-Na as indicated. (20) . See text for details. Sizes of HA and NHE reflect their relative levels of expressions. Shading indicates pathways proposed from previous studies (17, 20, 32) . CA2 and CA4, carbonic anhydrase isoforms; NBC, Na ϩ /HCO 3 found that amiloride at 10 Ϫ4 M (a dose that inhibits NHE) inhibited ϳ40% of the 22 Na ϩ influx in zebrafish (4). Esaki et al. (14) also demonstrated that amiloride at 10 Ϫ4 M and EIPA, a specific NHE inhibitor, at 10 Ϫ5 M blocked Na ϩ accumulation (estimated from the sodium-green fluorescent reagent) and 22 Na ϩ influx in skin HR cells of zebrafish embryos. The present study provides molecular evidence of zNHE3b, supporting those physiological and pharmacological data. On the other hand, a noninvasive ion-selective electrode was used to demonstrate the in vivo function of bafilomycin-sensitive acid secretion from the apical membrane of HR cells in zebrafish embryonic skin (26) . Subsequently, knockdown of atp6v1a (HA A-subunit) translation was found to impair both acid secretion and Na ϩ uptake in zebrafish embryo, providing molecular evidence for the role of HA in the Na ϩ uptake mechanism (19) . Based on these studies, the two pathways, HA/ENaC and NHE, exist and may operate at the same time for Na ϩ uptake/acid-base regulation in zebrafish HR cells if a homolog or equivalent of mammalian ENaC exists in ionocytes of fish gills.
These two pathways seem to be operated differentially depending on the environmental situation to which fish acclimate. In a recent study by Boisen et ]; pH 8.2). Craig et al. (12) also found that the mRNA expression of NHE2 in zebrafish gills increased fivefold after expose to soft water for 6 days. NHE2 is not specifically expressed in gill HR cells, and thus its role in the function of HR cells is unclear. Although the ion levels and pH in the media changed in parallel, Boisen et al. (4) pointed out the possibility that two separate mechanisms for Na ϩ uptake are operating in zebrafish depending on ambient conditions. The present study provides molecular physiological evidence to support this notion. The ion levels ([Na ϩ ] and [Cl Ϫ ]) and pH of the experimental media were independently manipulated to distinguish their specific effects on the expressions (and thus the functions) of znhe3b and atp6v0c. Our molecular physiological experiments found that a low-Na ϩ environment upregulated znhe3b and downregulated atp6v0c, whereas an acidic environment showed reverse effects, i.e., downregulation of znhe3b and upregulation of atp6v0c.
Taking all these findings together, a model for Na ϩ uptake and acid-base regulation in zebrafish gill ionocytes is proposed (Fig. 8) . Partitioning of zNHE3b and HA in the Na ϩ uptake/ acid-base regulation mechanisms depends on the environmental situations; in low-Na ϩ environments, apical HA is downregulated to maintain an intracellular H ϩ gradient to facilitate Na ϩ uptake via apical zNHE3b, which is the dominant player, and thus its function is enhanced. In acidic environments, however, HA, the dominant player, is upregulated to enhance H ϩ secretion to maintain the internal acid-base balance, and zNHE3b is greatly downregulated because the ambient high H ϩ does not favor its operation. In summary, the present study used functional genomic approaches to identify only one member, zNHE3b, from the zNHE family, which is specifically expressed in gill HR cells and is functionally regulated in response to environmental acidic or low-Na ϩ challenges. This molecular and cellular physiological evidence not only provides new insights into the mechanisms of Na ϩ uptake/acid-base regulation in gill ionocytes but also demonstrates that zebrafish are an excellent in vivo model for research on the transport physiology of human proximal tubule based on similarities in the expressions of relevant transporters and enzymes.
